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Light-Regulated Subcellular Translocation
of Drosophila TRPL Channels Induces Long-Term
Adaptation and Modifies the Light-Induced Current
is a Ca2 channel. Accordingly, the light-induced current
(LIC) of wild-type and the trpl mutant have a positive
Erev (Reuss et al., 1997), and it is partially (in wild-type;
Hardie and Minke, 1992) or totally (in trpl; Niemeyer et
al., 1996) blocked by a low concentration (10–20 M) of
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University of Karlsruhe lanthanum (La3). TRPL is a nonselective cation channel
having Erev of0 mV, and it is not blocked by La3 (Hardie76128 Karlsruhe
Germany and Minke, 1992). TRP appears to be the channel that
constitutes the main route for Ca2 entry upon light acti-2 Department of Physiology and
The Ku¨hne Minerva Center vation of the phototransduction cascade (Hardie and
Minke, 1992; Peretz et al., 1994a). Together with TRP andfor Studies of Visual Transduction
The Hebrew University-Hadassah Medical School TRP, TRPL was reported to colocalize in the microvillar
photoreceptor membrane (Niemeyer et al., 1996; Xu etJerusalem 91120
Israel al., 2000). Each of the three distinct types of TRP pro-
teins represents channel subunits that appear to homo-
and/or heteromultimerize to form functional channels
in the Drosophila photoreceptor membrane. TRPL wasSummary
shown to bind directly to TRP and TRP, and it was
proposed that TRPL forms heteromultimeric channelsDrosophila phototransduction results in the opening
of two classes of cation channels, composed of the with either TRP or TRP (Xu et al., 1997, 2000). Biophysi-
cal analyses of trp, trpl, and trp;trpl double mutantschannel subunits transient receptor potential (TRP),
TRP-like (TRPL), and TRP. Here, we report that one question the heteromultimeric hypothesis. These stud-
ies suggest that TRP and TRPL homomultimers mayof these subunits, TRPL, is translocated back and forth
between the signaling membrane and an intracellular function as separate and distinct channels in the cellular
environment of Drosophila photoreceptors (Niemeyer etcompartment by a light-regulated mechanism. A high
level of rhabdomeral TRPL, characteristic of dark- al., 1996; Reuss et al., 1997).
A question largely neglected is to what extent the ionraised flies, is functionally manifested in the properties
of the light-induced current. These flies are more sen- channel composition of the light-transducing compart-
ment is constant. In order to better understand the func-sitive than flies with no or reduced TRPL level to dim
background lights, and they respond to a wider range tional significance of the expression of multiple types
of ion channels in rhabdomeral photoreceptors, we ad-of light intensities, which fit them to function better in
darkness or dim background illumination. Thus, TRPL dressed the questions of whether the channel composi-
tion of the photoreceptor membrane might be modu-translocation represents a novel mechanism to fine
tune visual responses. lated by light and what are the long-term functional
consequences of possible channel translocation. Our
findings showed that TRPL but not TRP is translocatedIntroduction
in a light-dependent manner between the rhabdomeral
photoreceptor membrane and an intracellular storageGenetic, biochemical and physiological dissection of
Drosophila vision has shown that phototransduction compartment, resulting in a high level of rhabdomeral
TRPL in the dark and a low level in the light. The in-is mediated by a G protein-coupled, phospholipase
C-dependent pathway activating a heteromultimeric creased amount of rhabdomeral TRPL in dark-raised
flies was manifested in an increased amount of func-signaling complex (Montell, 1999; Tsunoda and Zuker,
1999; Minke and Hardie, 2000; Hardie and Raghu, 2001; tional TRPL channels. As a physiological consequence
of this light-dependent modulation of the TRP/TRPLHuber, 2001). The final step in signal transduction results
in the opening of at least two types of cation channels. subunit ratio, the photoreceptors of flies kept in the dark
are sensitive to dim background and operate at a wideThe structural and functional basis for the electrical light
response is provided by three distinct channel proteins: dynamic range, which allows the photoreceptors en-
riched with TRPL to function better in darkness and dimTRP (Montell and Rubin, 1989), which is missing in the
trp mutant (Cosens and Manning, 1969; Minke et al., background illumination.
1975), TRP-like (TRPL) (Phillips et al., 1992), which is
missing in the trpl mutant (Niemeyer et al., 1996), and Results
TRP (Xu et al., 2000). The dependence of the reversal
potential (Erev) on external Ca2 (Hardie and Minke, 1992) The Amount of TRPL, but Not of TRP, Present
and the reduction of Ca2 influx in the trp mutant relative in the Rhabdomeres Is Regulated by Light
to wild-type flies (Peretz et al., 1994a, 1994b; Rangana- In order to test the hypothesis that the channel subunit
than et al., 1994; Hardie, 1996) have indicated that TRP composition in photoreceptors is subject to light regula-
tion, we determined the TRP and TRPL content of iso-
lated rhabdomeral photoreceptor membranes in light-3 Correspondence: dc05@rz.uni-karlsruhe.de
4 These authors contributed equally to this work. and dark-raised flies. Isolated rhabdomeral membranes,
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largely free of contamination from other cell membranes,
can reliably be obtained from larger flies such as Calli-
phora vicina (Paulsen, 1984), which harbors highly ho-
mologous orthologs of the Drosophila ion channels TRP
and TRPL and of the other phototransduction proteins
(Huber et al., 1996a, 1996b, 1998). Western blot analyses
of proteins extracted from isolated photoreceptor mem-
branes of Calliphora immediately revealed that the
amount of rhabdomeral TRPL differed dramatically be-
tween light- and dark-raised flies. The high level of TRPL
observed in photoreceptor membranes of dark-raised
flies rapidly decreased when the flies were transferred
into the light (Figure 1A, left panel). Accordingly, the
amount of rhabdomeral TRPL of flies that were kept in
the light for 16 hr was close to the detection limit of
the Western blot analysis, but increased to a high level
within one hour after the transfer of the flies to darkness
(Figure 1A, right panel). The amount of rhabdomeral TRP
and also that of other components of the INAD signaling
complex, namely of phospholipase C (PLC), the eye-
specific protein kinase C (ePKC), and the scaffolding
protein INAD, were unaffected by light (Figure 1A). This
finding indicates that the changes in the rhabdomeral
TRPL level are specific to this ion channel subunit and
are not, for example, a consequence of a massive light-
dependent photoreceptor membrane shedding (Limu-
lus: Chamberlain and Barlow, 1979, 1984; spider and
crab: Blest, 1978; Naessel and Waterman, 1979). Resolv-
ing the time course of the light-triggered fluctuations of
rhabdomeral TRPL in more detail revealed a fast kinetic
for the decrease of TRPL that occurred in the light, with
a half time of less than 30 min. The level of rhabdomeral
TRPL decreased from 100% in the dark-raised flies to
about 30% in the first hour after lights on, followed by
Figure 1. The Amount of Rhabdomeral TRPL but Not TRP Under-
a gradual further reduction to about 20% after 6 hr in goes Rapid Light-Triggered Changes
the light (Figures 1B and 1D). The rapid and substantial
(A) Western blot analysis of phototransduction proteins present in
changes in the rhabdomeral TRPL level were even more the photoreceptor membrane of flies kept under different light condi-
pronounced upon refilling of the photoreceptor mem- tions. Flies (Calliphora, mutant chalky) were raised in darkness or
light for 16 hr (t  0 hr) and were then switched from darkness tobrane with TRPL in flies that were kept in the light for
light (left panels) or vice versa (right panels). Photoreceptor mem-16 hr and then transferred to darkness. The amount of
branes were isolated from dissected fly eyes at t  0 and 1, 2, andrhabdomeral TRPL of these flies increased more than
4 hr (t  1–4 hr) after the change of light condition. A control group20-fold within one hour (Figures 1C and 1E).
of flies (c) was kept under the original light condition during the
experiment and was dissected at t 5 hr. Photoreceptor membrane
proteins were extracted with SDS buffer and subjected to WesternReduction of TRPL Level in the Rhabdomeres
blot analysis with antibodies specific for Calliphora TRPL, TRP,Results from Translocation of TRPL Rather Than
INAD, ePKC, and PLC as indicated. Binding of 125I-labeled second-from Its Degradation and De Novo Synthesis
ary antibodies was visualized by autoradiography. Black (darkness)The observed changes in the number of TRPL channels
and white (light) bars at the bottom refer to the light condition.
in the photoreceptor membrane may result from a regu- (B–E) Time courses of the light-dependent increase and decrease
lation of TRPL de novo synthesis (e.g., via a light-depen- of the TRPL level in rhabdomeral photoreceptor membranes. Flies
were treated as described in (A). Protein extracts were prepareddent control of trpl gene transcription and a regulation of
from isolated photoreceptor membranes at the indicated times afterTRPL protein synthesis and degradation). Alternatively,
onset of light and darkness, respectively, and were subjected tothe light-dependent up- and downregulation of rhab-
Western blot analysis with -Calliphora TRPL and 125I-labeled sec-domeral TRPL might be achieved by translocation of
ondary antibodies. Radioactively labeled TRPL bands were cut out
TRPL molecules from the photoreceptor membrane to of the blots and counted in a scintillation counter. The time courses
a storage compartment inside the cell upon onset of shown in (B) and (C) comprise 6 hr after the change of light condition.
Mean values SD obtained from four independent experiments arelight and recruitment of TRPL back to the photoreceptive
shown. Data are shown as relative values normalized to the highestmembrane in darkness. Under the same light conditions,
value in each curve (at t  0 in [B]; at t  1 in [C]). Time coursesthe steady-state level of trpl-mRNA in the retina of flies
revealing the changes occurring within the first hour after lightremained unchanged (Figure 2A), thus eliminating the
change are shown in (D) and (E). The curves were obtained by
possibility of a light-dependent regulation of trpl gene counting the radioactivity present in the labeled TRPL bands of the
transcription. As expected, the transcript levels of genes Western blots shown below the curves.
encoding TRP, INAD, and ePKC (inaC) are also not light
regulated (Figure 2A).
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and dark-raised flies is compared to the TRPL level in
isolated photoreceptor membranes. Indeed, the amount
of the TRPL protein extracted from total eye membranes
is the same in dark- and light-raised flies, although the
amount of rhabdomeral TRPL undergoes significant
light-dependent changes. Accordingly, the rhabdomeral
TRPL fluctuations reported here are biochemically de-
tectable only if rhabdomeral photoreceptor membranes
can be separated from the storage compartment in the
cell body.
There remains the possibility that the downregulation
of rhabdomeral TRPL results from a blockage of incor-
poration of newly synthesized TRPL molecules in combi-
nation with internalization and degradation of TRPL in
the light. Removal of the blockage in the dark and slow-
ing down the TRPL degradation rate would then allow
refilling the rhabdomeral membrane compartment with
newly synthesized TRPL rather then with the previously
internalized TRPL molecules. Such a mechanism would
require a very high turnover rate of TRPL, which includes
synthesis, transport to, and incorporation into the rhab-
domeral photoreceptor membrane of the entire TRPL
content of the cell within 1 hr. To test this possibility,
formation of newly synthesized TRPL was followed by
injecting [35S]methionine into the compound eyes of
light-raised Calliphora, transferring the flies to darkness,
and monitoring the rise in the amount of radioactivelyFigure 2. Changes in the Rhabdomeral TRPL Level Do Not Result
from a Regulation of TRPL De Novo Synthesis and Degradation labeled TRPL in the rhabdomeral membranes (Figure
(A) Northern blot analysis showing that the amount of trpl-mRNA 2C). When we immunoprecipitated TRPL from protein
as well as the amount of trp-, inaC (ePKC)-, and inaD-mRNA in the extracts of rhabdomeral membranes 0, 1, and 6 hr after
eye is not altered under different light conditions. Total RNA isolated the injection of [35S]methionine, only a small amount of
from Calliphora eyes after 16 hr (t  0 hr) of dark- (left panels) or
radioactively labeled TRPL was present in the rhabdo-light adaptation (right panels) and 1, 2, 4, and 6 hr (t  1–6 hr) after
meral membrane after 1 hr. The amount of labeled TRPLswitching the light condition was probed with cRNA probes specific
increased significantly within 6 hrs, as more and morefor trpl, trp, inaC (ePKC), and inaD, as depicted. Control flies (c)
were kept under the original light condition and were probed at t  TRPL became newly synthesized and labeled. On the
5 hr. Black (darkness) and white (light) bars at the bottom indicate other hand, Figure 2C shows that the maximal amount
the light condition. of rhabdomeral TRPL was fully restored when the flies
(B) Proteins from total retinal membranes (RM) and from isolated
were kept in darkness for 1 hr, as revealed by Westernphotoreceptor membranes (PM) of 16 hr light- or dark-raised flies
blot analysis of the same extracts and immunoprecipi-(t  0) that were then shifted for 1 hr from darkness to light (left
tates (see also Figure 1C). These results indicate thatpanel) or from light to darkness (right panel) were subjected to
Western blot analysis with -Calliphora-TRP and -Calliphora-TRPL de novo synthesis of TRPL is too slow to provide the
using 125I-labeled secondary antibody. A representative example of entire TRPL content within 1 hr. Thus, our data strongly
the Western blots is shown above the graphs. Radioactive protein suggest that TRPL molecules are internalized in the light,
bands were counted, and relative mean valuesSD were calculated
stored in a storage compartment, and redistributed tofrom four independent time pairs in which the highest value of each
the photoreceptor membrane in the dark.time pair was set to 1.
(C) Newly synthesized proteins were radioactively labeled by in-
jecting [35S]methionine into both eyes of light-raised Calliphora wild- Light-Dependent Translocation of TRPL
type. Subsequently, flies were incubated in the dark for 0, 1, or 6 from the Rhabdomere to the Cell Body
hr, and proteins from rhabdomeral extracts (lanes 1–3) were immu-
In order to visualize the light-triggered translocation ofnoprecipitated with antibodies against TRPL (lanes 4–6). Extracts
TRPL in Calliphora photoreceptors as well as in Dro-and precipitates were separated by SDS-PAGE, and radiolabeled
sophila photoreceptors, we investigated the subcellularproteins were visualized by autoradiography (upper panel). To ana-
lyze the total amount of TRPL present in the photoreceptor mem- localization of the ion channels TRPL and TRP and of
branes, aliquots of extracts and immunoprecipitates were addition- the scaffolding protein INAD by confocal immunocyto-
ally immunoblotted using TRPL antibodies for detection of TRPL chemistry. As a general marker for rhabdomeral photo-
(lower panel).
receptor membranes, we employed rhodamin-coupled
wheat germ agglutinin (WGA). In cross-sections through
Calliphora and Drosophila eyes, this lectin intensely la-We next tested the hypothesis of a light-dependent
translocation of TRPL molecules from the photoreceptor beled the rhabdomeres, presumably due to the high
concentration of glycoproteins in this densely packedmembrane to another compartment of the photorecep-
tor cell. Provided TRPL is translocated from one subcel- membrane region. Double labeling studies with WGA
and antibodies directed against TRP, TRPL, or INADlular compartment to another, the total amount of TRPL
present in the eye should remain constant. In Figure 2B were performed to examine whether or not these pro-
teins are localized in the rhabdomeral photoreceptorthe amount of TRPL in total eye membranes of light-
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Figure 3. Light-Dependent Translocation of
TRPL Molecules in the Photoreceptor Cells of
Calliphora and Drosophila Compound Eyes
Cross-sections through wild-type Calliphora
(A–F) and Drosophila (G–M) eyes of light- and
dark-raised flies were double labeled with
rhodamin-coupled wheat germ agglutinin,
which specifically labels rhabdomeral photo-
receptor membranes (red fluorescence), and
antibodies against TRPL, TRP, and INAD, as
indicated. Primary antibodies were detected
by an FITC-coupled secondary antibody
(green fluorescence). The overlay of both
markers appears yellow. Scale bars in (A) and
(G), 10 m.
membrane. Immunolabeling of cross-sections through shown that theses proteins are evenly distributed over
the entire length of the rhabdomeral microvilli (Huber etCalliphora and Drosophila eyes revealed that TRP and
INAD are confined to the rhabdomeres, no matter if the al., 1996b; Niemeyer et al., 1996).
flies are kept in darkness or in light prior to sectioning
(Figure 3). Importantly, antibodies directed against TRPL The Presence of Rhabdomeral TRP, but Not Its
Activation, Is Required for Translocation of TRPLspecifically labeled the rhabdomere area of cross-sec-
tioned eyes obtained from dark-raised flies (Figures 3A Since the translocation of TRPL is light-dependent, the
question arises whether or not the response to lightand 3G), while in the eye-sections of light-raised flies,
the TRPL-specific immunofluorescence was distributed through activation of the TRP and TRPL channels is the
trigger for TRPL internalization. Using immunocyto-over the cell body of the photoreceptor cell and was
not detected in the rhabdomeres (Figures 3D and 3K). chemistry, we tested TRPL translocations from the rhab-
domere to the intracellular storage compartment in threeThese findings are fully in line with the Western blot
analysis reported above. They clearly reveal a light- relevant Drosophila mutants (Figure 4). Drosophila norpAP24
lacks a phospholipase C, which is mandatory for visualdependent redistribution of the TRPL channel protein
in the photoreceptor cell. The light-dependent translo- transduction (Bloomquist et al., 1988). This mutation
renders the fly completely blind. Drosophila trpP343 is acation of TRPL between the rhabdomere and the cell
body seems to be a general mechanism and not a spe- null mutant of TRP (Scott et al., 1997), and Drosophila
inaD1 is a null mutant of the INAD scaffolding proteincialization restricted to Drosophila (Figures 3G and 3K),
as it is observed also in Calliphora photoreceptors (Fig- (Tsunoda et al., 1997). Young inaD flies contain rhab-
domeral TRP, which is one of the core components ofures 3A and 3D). We frequently observed that part of
the cross-sectioned rhabdomeres, as revealed by WGA the INAD signaling complex, but TRP degrades with age
and is largely missing in older inaD flies (Tsunoda et al.,staining, was not labeled by the antibodies against the
individual phototransduction proteins. This may be a 1997). Light-induced translocation of TRPL to the cell
body was clearly observed in norpA and in young inaDlabeling artifact due to the problem that antibodies can-
not easily penetrate the densely packed rhabdomeral flies, but did not occur in the trp null mutant or in old
inaD flies (Figure 4). These findings reveal that activationmembranes. Previous electron microscopic studies on
the membrane localization of TRP, TRPL, and INAD have of TRPL translocation does not proceed via steps of the
Light-Regulated TRPL Translocation
87
posed of two independent components arising from ac-
tivation of the TRP and TRPL channels (Reuss et al.,
1997), translocation of functional TRPL channels is ex-
pected to affect the characteristics of the LIC. Using
the high resolution offered by whole-cell patch-clamp
recordings in isolated ommatidia of Drosophila (Ranga-
nathan et al., 1991; Hardie, 1991; Hardie and Minke,
1992; Reuss et al., 1997), we examined two properties
of the LIC that discriminate between the contribution of
the TRP and TRPL channels to the LIC: the block by
La3 and the reversal potential.
Changes in the Effect of La3
on the Response to Light
Application of La3 in micromolar concentration is
known to specifically block the TRP but not the TRPL
channels (Hochstrate, 1989; Suss Toby et al., 1991; Har-
die and Minke, 1992). This is clearly manifested by a
virtually complete block of the LIC in the trpl null mutant
(Niemeyer et al., 1996; see Figure 5C). In wild-type Dro-
sophila, application of La3 specifically blocks the TRP
channels, leaving a residual response that is mediated
by the TRPL channels and is indistinguishable from the
response measured in trp mutant photoreceptors (Har-
die and Minke, 1992). The experiments depicted in Fig-
ure 5A show that in wild-type flies kept in light (light-
raised), application of La3 (10–20 M) largely reduced
the peak amplitude of the LIC in response to intense light
and modified the waveform of the response to prolonged
light to show the typical trp phenotype; namely, a com-
plete decline of the LIC to baseline during light and no
response to a second light were observed (Figure 5A,
bottom; Figure 5C). In dark-raised wild-type flies, appli-
cation of La3 under identical experimental conditions
had a much smaller effect on the peak amplitude of the
LIC in response to similar light intensity (Figure 5A, top;
Figure 5C). Importantly, the waveform of the response
to prolonged light was more similar to that of untreated
wild-type flies, and a small response to a second light
was observed (Figure 5A, top), while longer or more
intense lights were required to completely suppress light
excitation (data not shown). The weak trp phenotype in
dark-raised flies indicates a reduced effect of La3 (Fig-Figure 4. Subcellular Localization of TRPL in Dark- and Light-
ure 5A). Figure 5C further confirms that in the trpl mutant,Raised Drosophila Mutants
the remaining TRP channels are almost completelyCross-sections through the eyes of Drosophila norpAP24, trpP343,
blocked by La3 (Niemeyer et al., 1996) (Figure 5C, right3-day-old inaD1, and 10-day-old inaD1 mutants were labeled with
column).wheat germ agglutinin (red) and -TRPL antibodies (green). Overlay
of both markers appears yellow. Before sectioning, the flies were To estimate the relative contribution of TRPL to the
raised for 12 hr in the dark or in the light, as indicated. Scale bar in LIC in light and dark-raised flies, we repeated the experi-
(A), 10 m. mental protocol of Figure 5A but used dim test lights,
which elicited LIC within the linear range of the response
to light and did not induce light adaptation (Figure 5B).
phototransduction cascade downstream of phospholi- We also reduced the external Ca2 to 0.5 mM to reduce
pase C. However, if TRP is missing, as in the trp mutant the possible suppression of TRPL by Ca2 influx, which
and in old inaD flies, TRPL internalization is not ob- is more pronounced before application of La3 due to
served. Therefore, the presence of TRP, not its activa- the presence of functional TRP Ca2 channels (Reuss
tion, seems to be required for TRPL internalization, pos- et al., 1997). Figure 5D shows that La3 suppressed the
sibly due to TRP’s function as a structural protein LIC to 9%  3% and 38%  6% of control levels in
(Tsunoda et al., 2001). light- and dark-raised flies, respectively, suggesting a
relative contribution of TRPL to the LIC of 9% and
Translocation of TRPL Affects the Characteristics 38% in light- and dark-raised flies, respectively, during
of the Light-Induced Current dim lights. The significantly reduced blocking effect of
Immunocytochemical imaging cannot discriminate be- La3 in dark-raised flies is consistent with the notion
tween translocation of functional and nonfunctional that either the relative contribution of TRPL to the LIC
of dark-raised flies is about 4-fold larger than in light-TRPL channels. Since the LIC of wild-type flies is com-
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the LIC (Hardie and Minke, 1992; Reuss et al., 1997) and
allows us to discriminate TRP from TRPL.
The Reversal Potential of Dark-
and Light-Raised Flies
The response of wild-type Drosophila to a short flash
at low external Ca2 shows a biphasic reversal potential
(Figure 6A, right) (Hardie and Minke, 1992; Reuss et al.,
1997). Recent studies of Reuss et al. (1997) provided
strong evidence that the biphasic reversal potential is
due to sequential activation of TRPL followed by TRP,
which have Erev values of about 0 mV and 15 mV,
respectively, at 1.5 mM external Ca2 (Hardie and Minke,
1992). Figure 6 compares Erev in wild-type flies raised in
darkness (Figure 6A, right) and light (Figure 6A, left).
Figures 6A and 6B show that Erev of dark-raised flies
was significantly smaller than Erev of light-raised flies by
3 mV (Figure 6B), and this shift in Erev was to the ex-
pected direction, as predicted from the increased
amount of functional TRPL channels. For comparison,
Erev of wild-type cells treated with La3 and of trpl (desig-
nated ETRPL and ETRP, respectively; see below) shows
reversal of the LIC at0 mV and15 mV, respectively,
as shown in Figure 6A, bottom. The shift of Erev of the
dark-raised flies (designated Erev(i)) from 9 mV to 0 mV
and of light-raised wild-type flies from12 mV also to 0
mV when treated with La3 indicates that La3 effectively
blocks all functional TRP channels in both light-raised
and dark-raised flies regardless of TRPL content in the
rhabdomere, supporting the notion of independent TRP
and TRPL channels (Niemeyer et al., 1996, Reuss et al.,
1997). This result also makes it unlikely that the larger
response amplitude in La3-treated dark-raised flies is
due to inefficient inhibition of TRP channels in dark-
raised flies and suggests that a significantly larger num-Figure 5. Differential Block of the LIC by La3 in Light- and Dark-
Raised Wild-Type Flies and in the trpl Mutant ber of functional TRPL channels is present in dark-raised
(A) Responses to relatively intense lights of wild-type Drosophila flies relative to light-raised flies.
cells of flies raised in light or darkness (as indicated) during whole- To estimate the relative contribution of TRPL channels
cell recordings at a holding potential of	60 mV. Cells were stimulated to the LIC near the reversal potential by a second inde-
by constant white light, of durations indicated by bars, attenuated by pendent method, we assumed linearity of the current3.6 or 2.5 log units for dark- and light-raised flies, respectively. The
voltage relationship of TRP and TRPL between 0–15 mVleft LIC are control responses. Application of La3 (10 M) to the
and a two-channel model, where the wild-type perme-bath (as indicated by arrow) led to a reduction in peak amplitude
and suppression of the response to a second light pulse, typical for ability is the weighted average of TRP and TRPL compo-
the trp mutant. The break in the traces indicates a time of 2 min. nents (Reuss et al., 1997). Accordingly, the relative con-
(B) Responses to relatively dim lights (orange lights, attenuated by tribution of TRPL to the LIC (rel.TRPL) was calculated
2.8–3.3 log units) in a paradigm similar to that of (A), except that as rel.TRPL  (ETRP 	 Erev(i))/(ETRP 	 ETRPL). Using the Erev0.5 mM external Ca2 was used and the La3 concentration was 20
data of Figures 6A and 6B led to an estimate of 37.5%M. The effective intensity of the orange light was100-fold dimmer
3% and 18.5%  4.5% functional TRPL channels inthan the white light used in (A).
(C) Histogram plotting the peak amplitudes of the LIC of (A) in re- dark- and light-raised flies, respectively, which roughly
sponse to the constant light before (control) and after application fits the estimate derived from the block by La3.
of La3 in dark- and light-raised wild-type flies and in the trpl mutant
(as indicated). The error bars are SEM calculated from 6–8 cells for
Translocation of TRPL Induceseach group.
Long-Term Adaptation(D) Histogram plotting the peak amplitudes of the LIC of (B) in re-
sponse to the dim test light before (control) and after application of A mechanism that dynamically affects the composition
La3 in dark- and light-raised flies. The error bars are SEM calculated of functional channels in the signaling membranes is
from five cells for each group. likely to have physiological consequences. Previous
electrophysiological studies using isolated ommatidia
of a Drosophila trpl null mutant have revealed that theraised flies or that the sensitivity of the TRP channels
to block by La3 depends on the presence of TRPL in absence of TRPL results in a relatively minor phenotype
(Reuss et al., 1997; Niemeyer et al., 1996). This observa-the rhabdomere due to some interactions between the
TRP and TRPL channels (Xu et al., 1997). To distinguish tion suggests that translocations of TRPL may also have
a minor physiological function. However, a more recentbetween these two possibilities, we measured the rever-
sal potential (Erev) of the LIC, which depends on the study has shown by intracellular recordings from intact
flies distinct trpl mutant phenotypes, including alteredrelative contribution of the TRP and TRPL channels to
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background lights. Figure 7 shows the obtained inten-
sity-response functions (V-log I curves), which relate the
normalized response amplitude to the relative stimulus
intensities. V-log I curves were obtained from wild-type
Drosophila kept in darkness for 12 hr and measured
without or during two different dim red background illu-
minations. For any given stimulus intensity, the largest
response amplitude was obtained with no background
illumination, and progressively smaller responses were
obtained when background illumination was slightly in-
creased (i.e., a shift in the V-log I curve was observed
when the measurements were repeated during dim
background light) (Figure 7A). In contrast to this obser-
vation, when wild-type flies were kept in light for 12 hr
and dark-adapted 5 min prior to the recording proce-
dure, the V-log I curves obtained without and under the
very dim background illumination were superimposed
as was described for trpl null mutants by Leung et al.
(2000) (Figure 7B). When similar experiments were re-
peated in the trpl null mutant, the V-log I curves obtained
without and under the same very dim background lights
were superimposed, regardless of light or dark raising
conditions (n  8 for each group, see also Figure 7C).
The smooth curves which best fit the data of Figure
7 are plots of the hyperbolic function V/Vmax  In/(In 

n) (Kleinschmit and Dowling, 1975), where I is the light
intensity, n is a constant, and 
 is the light intensity that
elicits half of the maximal response, Vmax, of the dark
adapted curve. Figure 7C shows histograms of the ratios

D/
L, where 
D and 
L are the 
 values of V-log I curves
measured in the dark (
D) or during the very dim back-
ground light (
L) of wild-type and trpl mutant flies kept
in darkness or in light as indicated. Figure 7C shows
that wild-type flies kept in the dark are significantly more
sensitive to background light than wild-type flies kept
in light or trpl mutants kept in light or darkness. Interest-
ingly, no significant differences were found between the
Figure 6. The Reversal Potential (Erev) Is Significantly Smaller in
sensitivity to background light of trpl flies regardlessDark-Raised Flies Than in Light-Raised Flies
of light-dark conditions, strongly suggesting that the(A) Families of LICs in response to a 50 ms white light pulse attenu-
difference in sensitivity to background light between theated by 2.6, 3.3, 3.6, and 2.3 log units for wild-type flies that were
wild-type groups is due to TRPL translocation.raised in light, raised in darkness, trpl (raised in the dark), and wild-
type raised in dark and treated with La3, respectively. The current The steepness of the V-log I curve is indicated by the
traces were recorded during a series of voltage steps of 3 mV in constant n, which reflects the intensity range in which
the voltage ranges around Erev, as indicated. In dark-raised wild- the photoreceptor cells respond to light (the dynamic
type flies, a clear biphasic Erev is evident though the external solution range), while small n means a large dynamic range. Fig-
contained 1.5 mM Ca2, in contrast to the monophasic Erev of all the ure 7D presents a histogram comparing the n values ofothers. Erev for each cell is indicated by a horizontal arrow. After
V-log I curves measured without background light fromtreatment with La3, there was no significant difference in Erev of
wild-type and trpl mutants kept in darkness or light aswild-type flies raised in light or darkness, nor was there a difference
in Erev of trpl flies raised in light or darkness. indicated. The figure shows that wild-type flies kept in
(B) Histogram plotting Erev in dark- and light-raised wild-type flies darkness have a significantly smaller n relative to wild-
and in the trpl mutant. Since no significant differences in Erev of the type flies kept in light or trpl mutants kept in either dark
trpl mutant in dark- and light-raised flies were found, the data from or light, while no significant difference in n was found
the two groups was averaged. The error bars are SEM calculated
in trpl flies regardless of light-dark conditions.from 6–8 cells for each group.
Taken together, the data of Figure 7 indicate that wild-
type flies kept in darkness respond to light in darkness
or during dim background lights in a relatively large
adaptation properties during dim background lights range of light intensities with relatively low sensitivity to
(Leung et al., 2000). small changes in stimulus intensity. Wild-type flies kept
In order to test whether wild-type flies kept for a pro- in light are different: (1) they are less sensitive to dim
longed (12 hr) time in either light or darkness differ in background lights, (2) have smaller dynamic range, but
their adaptation properties and in their intensity- (3) their photoreceptors are more sensitive to small
response relationship during dim background lights, in changes in light intensity within their dynamic range.
vivo, we used intact flies and performed electroretino- The fact that the V-log I curve of trpl mutants kept in
either light or darkness is similar to that of light-raisedgram (ERG) recordings in the presence of different dim
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Figure 7. Adaptation of Drosophila Photore-
ceptors during Dim Background Light Re-
quires the Presence of TRPL Channels in the
Rhabdomeral Photoreceptor Membrane
(A and B) Shown are V-log I curves obtained
from peak response of ERG recordings
for dark- (A) and light-raised (B) wild-type
Drosophila determined during darkness
(squares) or during very dim (up triangles) and
dim (down triangles) red background light
(Schott 620 RG filter) with 1.0 log increments
of the background light intensities. The effec-
tive intensity of the background light was log
I  	5.0 and log I  	4.0 for the very dim
and dim background lights, respectively. The
error bars are SEM, n 8. The smooth curves
are plots of the hyperbolic function V/Vmax 
In/(In  
n) (Kleinschmit and Dowling, 1975)
that best fit the experimental points.
(C) A histogram showing the ratios 
D/
L
where 
D and 
L are the 
 values of V-log I
curves measured in the dark (
D) or during
the very dim background light (
L) of wild-
type and trpl mutant flies kept in darkness or
in light as indicated.
(D) A histogram comparing the n values of
V-log I curves measured without background
light from wild-type and trpl mutants kept in
darkness or light as indicated. The error bars
are SEM, n  8, for (C) and (D).
wild-type flies strongly suggests that translocation of are in line with a mechanism that shifts a major popula-
tion of TRPL molecules out of and into the photoreceptorTRPL underlies the fine tuning of long-term adaptation.
membrane upon onset of light and darkness, respec-
tively. Therefore, one has to postulate a storage com-Discussion
partment inside the cell where TRPL is located when
flies are exposed to light. Translocation of the mamma-The physiological properties of a neuron are largely de-
lian TRP-related channel GRC (Kanzaki et al., 1999), nowtermined by a precisely defined composition of its ion
designated TRPV2 (Montell, 2001), from the cell bodychannels. Accordingly, neuronal plasticity could be
to the plasma membrane upon application of insulin-likeachieved by dynamically altering the stoichiometry and
growth factor has been recently reported. This growthcomposition of ion channels present in the neuronal cell
factor-induced translocation of TRPV2 increases themembrane. In the present study, we present evidence
Ca2 permeability of Min6 cells. The intracellular TRPLfor a plasticity mechanism in photoreceptor cells that
pool, as well as the rhabdomeral TRPL pool, is likely tois manifested by dynamic translocation of functional
be subject to turnover of TRPL, since newly synthesizedsurface membrane channels, causing long-term adap-
TRPL can be detected after injection of [35S]methionine.tation.
In the light, vesicles transporting newly synthesized
TRPL molecules may enter the intracellular pool directlyTranslocation of TRPL Channels
(i.e., they may be redirected from their regular route toThe TRPL translocation reported here is regulated by
the rhabdomeral membrane toward this storage com-light, since dark-raised flies harbor up to 20-fold more
partment). Alternatively, it is possible that newly synthe-TRPL in the photoreceptive membrane than light-raised
sized TRPL is first transported to the rhabdomeral mem-flies. Prominent light-dependent changes in the rhab-
brane, together with other phototransduction proteins,domeral content of proteins constituting the signaling
and it is then internalized and targeted to the storagepathway of fly photoreceptors were observed specifi-
compartment. As the steady-state level of total retinalcally for TRPL, whereas other proteins of the INAD sig-
TRPL does not change in the light/dark conditions em-naling complex, including TRP, INAD, ePKC, and PLC,
ployed here, there must also exist a degradation mecha-did not show significant fluctuations under the light con-
nism for rhabdomeral TRPL and for TRPL localized inditions tested here. Our findings showing that neither
the storage compartment. The immunocytochemical ex-the TRPL transcript level nor the steady-state level of
periments revealed that TRPL is distributed throughouttotal retinal TRPL protein undergo light-dependent
the cell body (except for the nucleus) in the photorecep-changes argue against a mechanism that involves regu-
tor cells of light-raised flies. This TRPL distribution indi-lation of trpl gene transcription, trpl mRNA translation,
cates that the storage compartment is not restricted toor TRPL turnover. The fast kinetics of rhabdomeral TRPL
organelles localized close to the photoreceptor mem-fluctuations, in particular the relatively quick refilling of
brane (e.g., the submicrovillar cisternae) and that TRPLthe photoreceptor membrane with TRPL in the dark,
which cannot be achieved by de novo synthesis of TRPL, may be transported over long distances across the cell.
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Functional Implications of TRPL Translocation Concluding Remarks
A number of questions regarding the mechanisms thatThe ratio of TRP and TRPL molecules in the fly eye and
in the rhabdomeral photoreceptor membranes of dark- underlie light-dependent TRPL translocation remain to
be solved. A central question is how light triggers theraised flies has been estimated to be about 10:1 (Xu
et al., 1997; Paulsen et al., 2000). When the flies are translocation of TRPL and which molecular components
are the key players of this light-regulated traffickingtransferred from darkness to light, the reduction in the
rhabdomeral TRPL content leads to a TRP:TRPL ratio event. Our results obtained with Drosophila mutants de-
fective in phototransduction proteins allow us to excludeof about 30:1 within 1 hr and of about 200:1 within 12–16
hr after lights on. From the rhodopsin:TRP ratio esti- that the activation of the ion channels themselves is
the trigger for ion channel internalization. The signalingmated previously (Huber et al., 1996b), we calculate
that each microvillus of the rhabdomeral compartment pathways that activate TRPL internalization and redistri-
bution to the rhabdomere must either branch off fromcontains, on average, 25 tetrameric TRP channels. In
the light, at a TRP:TRPL ratio of 200:1, the rhabdomeral the visual transduction cascade at an early stage, before
activation of phospholipase C, or depend on a com-membrane will not contain enough TRPL to form TRPL
channels in each microvillus. pletely different light-sensitive mechanism. Considering
the genetic potential of Drosophila, experiments provid-Figures 5B and 5D show by using La3 block of TRP
that in response to dim lights at reduced external Ca2, ing a detailed understanding of the mechanisms under-
lying TRPL translocation are feasible, for example, by38% and 9% of the current is carried by TRPL channels
in dark- and light-raised flies, respectively. A question employing a genetic screen for mutants with defects in
TRPL translocation. In this respect, Drosophila photore-arises as to the relative contribution of TRPL to the light
response under physiological conditions. The answer ceptors may provide an excellent model system for ana-
lyzing the molecular mechanisms of internalization andto this question is complicated because of the large
Ca2 permeability of the TRP channels (PCa:PCs  100:1 cellular trafficking of ion channel subunits.
and PCa:PCs  4.3:1 for TRP and TRPL, respectively) and
Experimental Proceduresthe strong Ca2-dependent inhibition of TRPL channels
(Reuss et al., 1997). The suppression of TRPL conduc-
Fly Stockstance by Ca2 influx through TRP during light may lead
Calliphora vicina Meig., chalky mutant (Langer, 1962), Drosophila
to a large reduction of TRPL current (to 5%; Reuss et melanogaster white-eyed Oregon R, and the Drosophila trpl302 (Nie-
al., 1997) at physiological conditions when Ca2 influx meyer et al., 1996), trpP343 (Pak, 1979), norpAP24 (Bloomquist et al.,
through TRP is large. Nevertheless, the estimation of a 1988), and inaD1 (Tsunoda et al., 1997) null mutants were raised at
24C in a 12 hr light/12 hr dark cycle. 12–18 hr before the experiment,relatively large contribution of TRPL-dependent current
flies were either kept in the dark or under fluorescent light (500–1000to the total current in dark-raised flies is probably valid
Lux). When newly eclosed flies were used for whole-cell patch-under physiological conditions in response to long dim
clamp recordings, the pupae were kept in the dark or light for 12–16
lights when Ca2-dependent adaptation is minimal (Fig- hr. All flies used for electrophysiological measurements were dis-
ures 5B and 5D). sected under dim red light (Schott RG 630, cold light source KL1500,
Are there physiological consequences of TRPL trans- Schott, Germany). Dark-raised flies used for biochemical or immuno-
cytochemical experiments were also dissected under dim red light,location? As determined by noise analysis of light re-
whereas light-raised flies were dissected under white light.sponses from the photoreceptor cells of Drosophila trpl
and trp mutants, the single channel conductances for
Antibodieshomomultimeric TRP and TRPL channels are approxi-
Polyclonal antibodies against Drosophila TRPL and INAD were gen-mately 8 pS and 35 pS, respectively (Henderson et al.,
erated by immunizing a rabbit with recombinantly expressed poly-
2000). Due to its higher single-channel conductance and peptides as has been described previously (Huber et al., 1996a,
significant concentration in dark-raised flies, TRPL con- 1996b). The peptides used to generate the antibodies DmTRPL
tributes significantly (40%–50%) to the total light-acti- and DmINAD comprised amino acids 1083–1097 of Drosophila
TRPL and amino acids 281–465 of Drosophila INAD. To reducevated current in the absence of Ca2-dependent adapta-
background staining, the affinity-purified antiserum against Dro-tion (Reuss et al., 1997) (Figures 5 and 6). Since the LIC
sophila TRPL was additionally preabsorbed against a PVDF mem-is composed of TRP- and TRPL-dependent currents,
brane containing SDS-extracted proteins from a homogenate of
upon a given electrophysiological response, less Ca2 trpl mutant heads. Polyclonal antibodies against Drosophila TRP
seems to enter the photoreceptor cell in the presence (Ba¨hner et al., 2000), Calliphora TRPL (Paulsen et al., 2000), Calli-
of large amount of rhabdomeral TRPL than with a low phora TRP (Huber et al., 1996b), Calliphora INAD (Huber et al.,
1996a), Calliphora ePKC (Huber et al., 1998), and Drosophila PLC,amount. On the other hand, the TRPL channel is sup-
which cross-reacted with Calliphora PLC (Huber et al., 2000), werepressed by Ca2 influx, and therefore, a given influx of
described previously.Ca2 is more effective in current suppression of dark-
raised than light-raised flies. The ERG results show a
SDS-PAGE, Western, and Northern Blot Analysis
shift of the V-log I curve at very dim background light Western blot analysis was carried out with photoreceptor proteins
when the TRPL level is high, suggesting that in dark- obtained from homogenates of isolated Calliphora retinal mem-
raised flies, the suppression of TRPL by Ca2 is the branes or from isolated rhabdomeral membranes, prepared as de-
scribed previously (Paulsen, 1984). Proteins were extracted with 1dominant mechanism. This mechanism may account for
SDS-PAGE buffer (4% SDS, 1% 2-mercaptoethanol in 65 mM Tris-the higher sensitivity to dim background light of dark-
HCl [pH 6.8]) for 10 min at room temperature. 4 g total protein wasraised flies (Figure 7C). In light-raised flies having a very
subjected to SDS-PAGE according to Laemmli (1970), using 8%
low TRPL level, there is less suppression of the LIC by polyacrylamide gels (Midget System, Amersham Pharmacia Bio-
Ca2 and hence a reduced sensitivity to dim background tech, Germany). For immunoblotting, proteins were electrophoreti-
cally transferred to PVDF membranes (BioRad Laboratories, Ger-light (Figure 7C).
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many) and processed as has been described previously (Huber et ity and contained 100 mM CsCl, 15 mM tetraethyl ammonium (TEA)
chloride, 2 mM MgSO4, 10 mM TES (pH 7.15), 4 mM MgATP, 0.4al., 2000).
Total RNA was isolated from dissected Calliphora compound eyes mM Na2GTP, and 1 mM NAD. In other experiments, the pipette
solution contained 120 mM K gluconate, 2 mM MgSO4, 10 mM TESusing TRIZOL reagent (GIBCO-BRL Life Technologies, Germany)
according to the manufacturer’s instructions. Northern blot analysis (pH 7.15), 4 mM MgATP, 0.4 mM Na2GTP, and 1 mM NAD.
with digoxigenin-labeled antisense cRNA probes for trp-, inaC
(ePKC)-, and inaD-mRNA was performed as has been described Electroretinogram and Light Stimulations
previously (Huber et al., 1994, 2000). A partial cDNA clone encoding Electroretinogram (ERG) recordings were applied to intact flies as
the Calliphora homolog of Drosophila TRPL (amino acids 569–1124, described previously (Peretz et al., 1994b). Orange light (OG 590
59% homology; A.H., unpublished data) was used to generate a Schott edge filter) from a Xenon high-pressure lamp (PTI, LPS 220,
trpl-cRNA probe. operating at 50 W) was delivered to the compound eye by a fiber
optic. The maximal luminous intensity at the eye surface was about
2.5 logarithmic intensity units above the intensity for a half-maximalRadioactive Labeling of Newly Synthesized Proteins
response of the major photoreceptors (R1–R6). The backgroundand Immunoprecipitation
light was delivered from a Schott halogen illuminator via fiber opticBoth eyes of 16 hr light-raised Calliphora were injected with 1 Ci
through a KG1 heat filter and RG 620 Schott red and neutral density[35S]methionine (1000 Ci/mmol, ICN, Germany) as described by
filters. For whole-cell recordings, trans illumination of a halogen lightHuber et al. (1994). After the injection of the tracer, the flies were
source (100 W) was used as previously described (Peretz et al.,either incubated in the dark for 1 or 6 hr or dissected immediately.
1994a). The white or orange stimulating light was applied via aPurified rhabdomeral membranes were prepared (Paulsen, 1984),
condenser lens (Zeiss) and attenuated by neutral density filters.and membrane proteins were extracted with Triton X-100 (1% Triton
X-100, 150 mM NaCl, 50 mM Tris-HCl [pH 8.0], 1 mM phenylmethyl-
Acknowledgmentssulfonyl flouride). Rhabdomeral membranes isolated from 15 Calli-
phora retinas were added to 10 l of protein A agarose beads
The authors are grateful to Gabriele Gerdon for expert technical(Biorad, Germany) that had previously been incubated for 1 hr with
assistance in Northern blot analysis and to Hagit Cohen-Ben-Ami5 l CvTRPL antibodies. Immunoprecipitation was performed for
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C and was followed by four washes with washing buffer
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C and were subjected to SDS-PAGE and Western blot analysis.
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